Abstract. For estimations of the ecological state of a lake and its future trends, data on seasonal and long-term variations of primary production are most necessary. The methods of in situ measurements of production are time consuming, rather complicated, and very expensive. Bio-optical model calculations provide a good alternative here. A semi-empirical model for estimating phytoplankton primary production (Arst et al., 2008, Aquatic Biology, Vol. 3, No. 1, pp. 19-30) allows calculating the vertical profiles and areal (integrated over water column) values of primary production using chlorophyll a concentration, incident irradiance, and light attenuation coefficient in the water. In the present study this model was developed further by elaborating its automated version. It enables performing rapid and greatly replicated estimations of the circumstantial variability of phytoplankton primary production at hourly intervals from morning to evening and as daily and monthly sums based on a table of initial parameters and depths. For demonstrating the practical application of the model we calculated primary production in two large eutrophic North-European lakes (Võrtsjärv and Peipsi), using a database collected during four warm months in 2009 (123 days in both lakes).
INTRODUCTION

*
The productivity of lakes is of great importance in the estimation of their ecological state and for predicting its development in the future. Because of changing light conditions, planktonic photosynthesis has a pronounced diel pattern. In order to acquire integrated results over longer time periods (days, months, years), many consecutive measurements of instantaneous photosynthesis rate should be carried out. In some studies (Joniak et al., 2003; Yoshida et al., 2003; Forget et al., 2007 ) the values of daily primary production integrated over the photic zone have been estimated from in situ incubations, often using the radioactive 14 C method suggested in (Steeman Nielsen, 1952) . However, in situ methods give reliable results only in oligotrophic waters. In * Corresponding author, tuuli.kauer@ut.ee eutrophic and hypertrophic waters incubations cannot be performed over long periods (e.g. from morning to evening) because part of the 14 C taken up in photosynthesis is respired (Lancelot & Mathot, 1986) or releases as extracellular products (Møller Jensen, 1985) . In general, the method of in situ measurements is time consuming, rather complicated, and very expensive.
Bio-optical model calculations provide an alternative to the time-consuming 14 C method. Modelling is especially important in turbid waters of high productivity where the abrupt light gradient may cause large errors when traditional field methods are applied. Several studies have estimated primary production from light intensity and abundance of phytoplankton pigments (e.g. Smith et al., 1989; Sosik, 1996) . When primary production is modelled for longer than diurnal timescales, diel variations of light intensity are commonly ignored and the mean daily photosynthetically available irradiance (PAR) is used to estimate primary production. This approach can produce a significant error if the model does not explicitly account for light saturation and the irradiance during part of the day is higher than that needed for the maximum possible growth rate (Robson, 2005) .
Two versions (spectral and integral) of a semiempirical model were elaborated in Arst et al. (2008a) for the calculation of the vertical profiles of primary production, ( ), P z in lakes. These models are suitable for calculating the primary production for well-mixed lakes, where chlorophyll a (Chl a) concentration chl ( ) C and the diffuse attenuation coefficient of light do not change (or change only slightly) with depth. The models work only for ice-free conditions. To elaborate a model for estimating the primary production under the ice we should have to know the optical properties of the ice cover. The basic equation of these models describes primary production ( ( ) P z in mg C m -3 h -1 ) as a function of photosynthetically absorbed radiation and quantum yield of carbon fixation (Smith et al., 1989) . The main difference between the spectral and integral models resides in the data on underwater irradiance and specific absorption coefficient of Chl a (spectral or integral). Quantification and verification of these models was performed using in situ measurements of primary production profiles and simultaneously measured biooptical parameters chl ( , C diffuse attenuation coefficient, incident solar irradiance, and downwelling irradiance in the wavelength range of 400-700 nm) in three turbid well-mixed Estonian lakes (Peipsi (Estonian part), Võrtsjärv, and Harku) in -2005 (Arst et al., 2008a .
In this study the modelled and measured vertical profiles of primary production and also its areal values were compared. Statistical analysis of the regressions P(meas) vs P(mod) was performed (and the corresponding tables and figures are shown) in (Arst et al., 2008a) . The data obtained proved that our models gave rather reliable estimations of primary production in the turbid, well-mixed lakes. Both models allow estimation of the instantaneous primary production profiles, ( ), P z and the areal (water-column-integrated) production, int , P and, consequently, also their daily dynamics and daily and monthly totals. The models are based on the fact that in well-mixed lakes only incident irradiance varies noticeably, and often irregularly during a day, but the other initial parameters of the model usually change rather slowly over time (Reinart and Nõges, 2004; Arst et al., 2008b; Paavel et al., 2008; Nõges et al., 2011) . Thus, for the estimation of the temporal dynamics of primary production in a lake, daily data are needed on incoming PAR irradiance combined with at least episodic measurements of chl C and the diffuse attenuation coefficient in the water (Arst et al., 2008a) .
The objectives of the present study were (a) to further develop the models by Arst et al. (2008a) and (b) to demonstrate the application of the upgraded and automated models in practice, using the database collected during four warm months (May-August) in two eutrophic lakes. In the present study we used the integral version of the primary production model. We present here quantitative estimates of the daily variability of phytoplankton primary production profiles as well as areal values (daily and monthly sums) of the production in the observed lakes as the results of the application of the automated model.
MATERIALS AND METHODS
Short description and automation of the calculation model
Basic algorithms of a primary production model (two versions, spectral and integral) were derived and their quantification and verification were performed by Arst et al. (2008a) . In the present study, we demonstrate the application of the automated version of the integral primary production model. As the detailed description of this model is presented elsewhere (Smith et al., 1989; Arst et al., 2008a) , we give here only some basic equations. The main equation is the following (Smith et al., 1989; Arst et al., 2008a) :
where ( ) P z is primary production at a depth z (in mg C m -3 h -1 ); Ψ is the factor 12 000 for converting moles of carbon to milligrams of carbon; 0,PAR ( ) Q z is photosynthetically absorbed scalar irradiance (in Einst m -2 h -1 ), following the usage in (Smith et al., 1989) at depth ; z and PAR ( ) F z is the quantum yield of carbon fixation ) in the wavelength range of 400-700 nm. In the case of the integral model:
and 700 700 ph,PAR ph chl 400 400
Here 0,PAR ( ) q z is the underwater scalar irradiance (in Einst m -2 h -1 ) in the wavelength range of 400-700 nm (PAR) at depth , z λ is the wavelength (in nm), we used an algorithm presented by Bricaud et al. (1995) :
where the specific absorption coefficient ph ( ) a λ ′ is calculated taking into account the "package effect" (Morel and Bricaud, 1981; Kirk, 1994; Bricaud et al., 1995) . Here A and B are positive, wavelengthdependent parameters, as tabulated in Bricaud et al. (1995) .
The parameter PAR ( ) F z was computed according to the algorithms presented in Arst et al. (2008a) :
where max 0.08
, PAR ( ) q z is the underwater planar irradiance at depth z (in Einst m -2 h -1 ), M and n are parameters that we presumed to depend on the incident irradiance and on the bio-optical characteristics of the water body. For moderately turbid lakes (diffuse attenuation coefficient, d,PAR , K from 0.7 to 7 m -1 ) the parameters M and n for the integral model (taken from Arst et al., 2008a) are presented in Table 1 . In the case of the spectral model, 3 n = and the algorithms for M are different (Arst et al., 2008a) . The results of the calculations are the values of ( ) P z in mg C m -3 h -1 and areal production, int , P in mg C m -2 h -1 . The daily sums are calculated from the hourly sums from morning to evening, and the monthly sums from the daily sums.
The integral version of the primary production model needs (as initial data) an irradiance estimate for the entire PAR spectrum (the spectral values of the incident irradiance and diffuse attenuation coefficient are not necessary). In (Arst et al., 2008a ) the quantification and verification of this model were performed using primary production profiles that were episodically measured during [2003] [2004] [2005] in three Estonian lakes (Peipsi, Võrts-järv, Harku), using in situ incubations and the radioactive 14 C method (Steeman Nielsen, 1952 ). Altogether we collected 53 measured profiles of ( ), P z which were used as model validation by Arst et al. (2008a) . According to statistical comparison, the spectral model is preferable, but the differences were rather small: the regressions P(measured) vs P(calculated) for spectral and integral models (L. Peipsi and L. Võrtsjärv together) gave 2 (adj) R of 0.919 and 0.856, respectively (Arst et al., 2008a) . However, the integral model is more suitable because there is no need for the spectral data of the incident irradiance and diffuse attenuation coefficient.
The models presented in (Arst et al., 2008a) give a possibility of getting quite reliable results on the vertical profiles and the corresponding areal (integrated over water column) values of the production. The automation of both versions (spectral and integral) of the primary production models, developed in the present study, allows performing rapid estimations of the circumstantial variability of phytoplankton primary production at hourly intervals from morning to evening and as daily and monthly sums during a few seconds of calculation time. The computations are realized in the Microsoft Excel ® environment and are based on a table of initial parameters and depths (it is possible to calculate for 20 depths, beginning from 0, z = the depth interval depending on the transparency of the water).
Study sites
We calculated production in two large eutrophic NorthEuropean lakes, Võrtsjärv and Peipsi, using a new database collected during May-August 2009 (123 days in both lakes). We chose these lakes because (a) they are good examples of a eutrophic lake, (b) we have continuous measurements of incoming solar radiation at their locations, and (c) repeated measurements of water parameters were conducted during May-August 2009 (13 field trips to L. Võrtsjärv and 12 trips to L. Peipsi).
Lake Võrtsjärv (270 km 2 , mean depth 2.8 m, maximum depth 6 m, coordinates of our station 58°13′N, 26°06′E) is the largest lake belonging entirely to Estonia. The shallow lake is well mixed: regular monitoring has shown that phytoplankton concentration is practically unchanged with depth. Its water is optically turbid (in summer conditions the Secchi depth, SD , z usually varies from 0.3 to 1.6 m), and the underwater light climate is strongly affected by the water level and ice conditions (Reinart and Nõges, 2004; Nõges and Nõges, 2006; Arst et al., 2008c) . The diffuse attenuation coefficient for the PAR region (400-700 nm), d,PAR , K is normally between 1.5 and 3.8 m -1 (only in September 1996, after a very dry summer, SD z was as low as 0.15 m and d,PAR K was 6.5 m -1 ) (Reinart and Herlevi, 1999; Arst et al., 2008c) . The range of chl C in ice-free conditions is 20-102 mg m -3 (Paavel et al., 2008) . Lake Võrtsjärv fits the definition of a hard-water eutrophic lake (Mäemets, 1977) . Table 1 . Regression formulas for the parameter M and the value of n (in Eq. 5) for the integral model of primary production taken from Arst et al. (2008a . Lake Peipsi is defined as a large unstratified eutrophic lake with oligohumic water of medium hardness (Jaani, 2001) . The coordinates of our measurement point in L. Peipsi were approximately 58°50′N, 27°06′E.
Measurements of the initial parameters of the model
Incident solar irradiance in the PAR region (Arst et al., 2008a) . Here PAR ( 0) q z = is the incoming irradiance at the water surface, and r is the reflectance that was assumed to equal 0.06. Spectra of the beam attenuation coefficient in the 350-700 nm wavelength range for filtered and unfiltered water samples were obtained with a U-3010 laboratory spectrophotometer (Hitachi High-Technologies Corporation). These results allowed derivation of not only the spectral values of the diffuse attenuation coefficient but also d,PAR K (Arst et al., 2002; Arst, 2003 ) was measured in depthintegrated water samples according to Lorenzen (1967) . Water samples were taken at 1 m depth intervals and pooled. Both Peipsi and Võrtsjärv are polymictic lakes and do not stratify during the ice-free season (Jaani, 2001; Laas et al., 2012) , therefore the pooled water was assumed to reflect chl C in the whole water column. As chl C and d,PAR K change rather gradually at our sampling stations in lakes Peipsi and Võrtsjärv, we assumed that these parameters for the intervals between measurements during the field trips could be estimated by linear interpolation. It was also assumed that each day. These approximations and the hourly averages of PAR ( 0) q z = from the actinometric data for each day serve as the initial data necessary for phytoplankton primary production calculations.
RESULTS
We determined the vertical profiles of primary production for 20 depths (in L. Võrtsjärv from 0 to 3 m and in L. Peipsi from 0 to 7 m). The ( , ) P z t values (t denotes time) presented in this paper were simulated by the model. The purpose of the models was to determine primary production ( ( , ) , P z t areal values, daily and monthly sums) in cases when in situ measurements were not performed. The validation of the model results with measured data was accomplished and published earlier by Arst et al. (2008a) and by Nõges et al. (2011) .
The diurnal variability of the hourly values of ( , ) P z t for four days in L. Peipsi and for four days in L. Võrtsjärv is shown as contour plots in Figs 3 and 4 , respectively. The existing data set allows for such 
T i m e , h T i m e , h calculations for 123 days in each lake (not shown). We chose only some cases to demonstrate the variability of ( , ) P z t in different seasonal and weather conditions. Because chl C and d,PAR K were taken to be constant for each day, the temporal variations of ( , ) P z t during a day were caused only by changes of the incoming irradiance. When this irradiance was low, the maximum of ( , ) P z t was located near the water surface (morning and evening in all figures, most of the day in Fig. 3c and Fig. 4b and d) ; on cloudless days the maximum of ( , ) P z t was observed at noon and it was located at 1 to 3 m depth (Fig. 4a and c) . However, for some other cloudless days this maximum in L. Peipsi was at a depth of 4-5 m. Note that for L. Peipsi the scale of ( , ) P z t was taken from 0 to 25 mg C m -3 h -1 , but for L. Võrts-järv it was from 0 to 125 mg C m -3 h -1
. Thus, the numerical values represented by the same colours in the figures for the two lakes are different.
The daily sums of the areal (integrated over the water column) primary production for both lakes (separately for each month) are presented in Fig. 5 and the respective monthly sums in . Especially marked differences between daily int (Peipsi) P and int (Võrtsjärv) P were observed in May. The production changed irregularly from day to day whereas different illumination conditions predominantly influenced the temporal variability of int (day) . P The monthly variations were greater in L. Peipsi, the monthly sums of production increasing from May to late summer (Fig. 6) . In L. Võrtsjärv the differences between months were smaller; the maximum of int (month) P was observed for July, and both in May and August primary production was by about 12-14% smaller than in July (Fig. 6) . As we expected, primary production depended in general on chl . C That dependence was greater when the relative difference between chl (max) C and chl (min) C in a lake was high (Fig. 1) 
where DL is the length of daylight in hours. This equation was obtained from the measurements in L. Võrtsjärv by Nõges and Nõges (1998) , and later used by Nõges and Kangro (2005) and Nõges et al. (2011) . Relying on our model results we compared the values of int (day) P with the corresponding results calculated with Eq. (6). For L. Peipsi our model results always exceeded those obtained by Eq. (6). The differences were mostly 20-25%, but the maximum difference was 50% and the minimum 4%. For L. Võrtsjärv these differences were substantially more variable. In some cases Eq. (6) gave lower values of int (day) P (the maximum was 50%), but in other cases Eq. (6) gave higher values of int (day) P (the maximum was 33%). In both lakes these differences depended on the values of int (midday) P in comparison with the other values of int P during the day.
DISCUSSION
The presented results demonstrate the efficiency of our primary production model for calculating the variability of the primary production profiles during a day, and also the daily and monthly sums of int P for a large database. Although our results (Figs 3-6) describe ( , ) P z t and int P for a relatively short period (123 days in four months), they allowed evaluation of the variations of the productivity in two different lakes. From the irregular diurnal variability of ( , ) P z t during a day and of int P during a month (Figs 3-5) we can conclude that, besides the other factors (water properties, optically active substances), primary production is markedly influenced by incoming irradiance. It depends on the solar zenith angle and cloudiness (clear sky, overcast, or variable cloudiness). This dependence was most evident in the daily variations of ( ) P z and int , P but it is noticeable also in variations of int (Fig. 6) . The increase of int P during the summer in L. Peipsi was undoubtedly caused by the increase in the phytoplankton concentration from May to late summer (Figs 1 and 5) .
We cannot conclude from the fact that the dependence of int P on chl C is noticeable in L. P Lake Harku is a small hypertrophic lake in northern Estonia, described in (Arst et al., 2008c) . In Fig. 7 the variability range of chl C for L. Peipsi is from 2.8 to 36 mg m -3 , for L. Võrtsjärv it is from 17 to 82 mg m -3 , and for L. Harku from 46 to 335 mg m -3 . The determination coefficient of the regression shown in Fig. 7 is 0.754; the scatter of the points is mostly caused by different irradiances during the measurements of int . P Thus, the determination coefficient 2 R of the regression int P vs chl C was usually higher when we considered a group of lakes with very different chl C . The values of ( , ) P z t and int P shown in the present study can be regarded as examples that demonstrate the efficiency of our primary production model, which only requires three initial parameters. It does not account for all factors influencing primary production (e.g. tempera- (Kauer, 2012). ture, nutrients, and turbulence), although some of these factors are considered indirectly (e.g. temperature through light and nutrients through chlorophyll). The results of the modelled ( ) P z values were rather close to the measured ones (Arst et al., 2008a) , which confirms the reliability of the model. Our model in its present form is rather specific to the lakes where it was calibrated, but still it is expected to work also on other turbid temperate lakes. The models with numerous initial parameters (our three parameters plus temperature, nutrients, and turbulence) are extremely difficult to quantify, and they need complicated in situ measurements. In some cases the whole data complex need not be available.
The results obtained (Figs 3-6 ) describe ( , ) P z t and int P in two eutrophic lakes during a relatively short period (123 days in four warm months) while data for the cold season are missing. This restricts comparison with our results. We did not find published data allowing us to draw detailed contour plots like Figs 3 and 4. In (Wetzel, 2001 ) the dependence of ( , ) P z t on depth and time is presented as isolines for two lakes: oligotrophic Lake Lawrence and hypereutrophic Lake Wintergreen (both in Michigan). In that study the corresponding values of integrated areal primary production are also shown. In oligotrophic L. Lawrence the summer maximum of int P was about 500 mg C m -2 day -1 , in mesotrophic/eutrophic L. Peipsi it was 1390 mg C m -2 day . There are also some other studies giving monthly and yearly averages of int .
P In (Yoshida et al., 2003 ) the production by phytoplankton in the southern basin of the ultraoligotrophic Lake Baikal (eastern Siberia, Russia) was measured by in situ methods during March-October in two consecutive years (1999 and 2000) . As can be expected, the values of int P were noticeably smaller than those for our lakes, with a maximum of 424 mg C m -2 day -1 in August. Joniak et al. (2003) describe results of measurements of primary production carried out in situ in 1992-1997 (every month and during the growing seasons every fortnight) in the Maltañski Reservoir, Poland. The maximum areal photosynthesis int ( ) P during the study period, 4700 mg C m -2 day -1
, was observed in July 1994. Nõges et al. (1993) reported some episodic measurements in summer 1991 in three Estonian lakes: Valgjärv (oligotrophic), Uljaste (semidystrophic), and Korijärv (highly eutrophic). The summer maximums of int P in these lakes were 1051, 554, and 1325 mg C m -2 day -1 , respectively. Rather thorough investigations were carried out in Lake Kinneret, Israel (Berman and Pollingher, 1974; Berman, 1976; Yacobi et al., 1996; Yacobi, 2003 Yacobi, , 2006 . From 1990 to 2003 the water parameters of L. Kinneret were observed and monthly averages of int P for that period were estimated. The average value of int P in L. Kinneret was maximal in May, 2674 mg C m -2 day -1 (Yacobi, 2006) . Lake Kinneret deserves attention due to the irregular vertical and horizontal distribution of chl C and d,PAR K during phytoplankton blooms. According to Yacobi (2006) , from March to June the value of d,PAR K for the 0-0.5 m layer can exceed that for the 1.5-6.5 m layer as much as four times. This large difference is connected with the vertical distribution of chl , C which can show a strong and sharp maximum (even up to 600 mg m -3 ) in some sublayers between 0 and 5 m (at different depths). From those data we can conclude that our primary production model elaborated for well-mixed lakes is not suitable for L. Kinneret.
The computation results obtained in the present study should be interpreted as approximations. The main sources of uncertainties are (a) the semi-empirical formulation of the model itself; (b) Some irregular profiles of ( , meas) P z suggest uncertainties in the measurement results as well (Arst et al., 2008a (Arst et al., , 2012 . In shallow, well-mixed lakes in which chl C and d,PAR K do not change vertically one cannot expect an irregular depth profile of ( , meas) .
P z The developed automated models for rapid estimates of phytoplankton primary production are a useful tool for filling the gaps in the measured primary production data and potentially extending the data series over periods for which other biological and chemical data are available. This helps to give a realistic estimation of the annual and interannual variability of primary production to be used in further ecosystem analyses. The integral version of our primary production model was applied by Nõges et al. (2011) for approximate estimation of the daily, monthly, and yearly sums of int P in L. Võrtsjärv during 1982-2009. Our models can be usable in the monitoring programmes of the well-mixed lakes. Regular data on primary production are necessary for the estimation and prediction of the ecological state of a lake. However, in this case the monitoring data have to contain all three input parameters needed for model calculations.
